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Available online 8 April 2014AbstractThe US Army Research Laboratory is conducting research to explore technologies that may be suitable for maneuvering man-portable
munitions. Current research is focused on the use of rotary actuators with spin-stabilized munitions. A rotary actuator holds the potential of
providing a low-power solution for guidance of a spinning projectile. This is in contrast to a linear (reciprocating) actuator which would need to
constantly change direction, resulting in large accelerations which in turn would require large forces, thereby driving up the actuator power. A
rotational actuator would be operating at a fairly constant rotation rate once it is up to speed, resulting in much lower power requirements.
Actuator experiments conducted over a variety of conditions validate the dynamic models of the actuator and supply the data necessary for
model parameter estimation. Actuator performance metrics of spin rate response, friction, and power requirements were derived from the data.
This study indicates that this class of maneuver concepts can be driven with these actuators. These results enable actuator design and multi-
disciplinary simulation of refined maneuver concepts for a specific application.
Copyright  2014, China Ordnance Society. Production and hosting by Elsevier B.V. All rights reserved.
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The motivation for this paper is to maneuver man-portable
precision munitions. In-flight airframe maneuvers are required
to overcome uncompensated ballistic error sources such as
launch variation and atmospheric disturbances or to engage
targets in defilade and ultimately improve lethality. Man-
portable precision capability provides enhanced lethality at
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2214-9147/Copyright  2014, China Ordnance Society. Production and hosting byVarious methods have been devised to course-correct the
flight of projectiles [1e11]. Aerodynamic [1,3,4,6,8e11] or
mass [5] asymmetries are often utilized. Lateral jet thrusters
are another means [2,7]. Providing maneuver technologies in
the man-portable, gun-launched environment is extremely
challenging. The loads imparted to the electro-mechanical
components during the gun launch event are high [12,13].
Size, weight, power, and cost needs are difficult to meet. Man-
portable weapons are about 80 mm in diameter or smaller.
Maneuver systems, which usually include a power source,
actuators, sensors, processors, and associated electronics, must
fit along with other sub-systems in this small package. Cost of
these technologies must be low to ensure high volume pro-
liferation to individual Soldiers on the battlefield. Depending
on caliber, the dynamic pressure available for aerodynamic
control authority (essentially the projectile velocity) may be
limited due to gun recoil limits on the human shoulder. Lastly,
rifled guns often induce high spin rates (hundreds or thousands
of cycles per second) in the projectile which can significantlyElsevier B.V. All rights reserved.
Fig. 1. Rotating wing maneuver concept.
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This study proposes a class of maneuver concepts, based on
rotational actuation, to overcome these challenges for the man-
portable precision problem.
Comprehensive investigation of a projectile maneuver
concept implies consideration of aeromechanics, flight control,
structural dynamics, and actuation technology. Actuators, the
focus of this study, underpin the maneuver concept and are
essential to guided flight. Actuator performance requirements
are met through a fundamental understanding of actuator
behavior. The response of actuators can be described with
theoretical models which are driven with empirically-derived
data. Electric motors are commonly applied in rotational
actuation schemes and often model response by considering
the applied torques (e.g., motor, friction) in Newton’s 2nd law.
Experiments conducted on actuation system assemblies (e.g.,
motor, linkages, aerodynamic surfaces) can be combined with
theoretical models to obtain the critical actuation technology
parameters.
This study focuses on characterizing actuation technologies
specific to the proposed class of maneuver concepts. Actuator
experiments are conducted to identify theoretical models and
to estimate the parameters of these models. Actuator perfor-
mance metrics for the present application include torque,
response, friction, and power requirements. Characterization
of the actuation technology permits feasibility assessment,
simulation of guided flight performance, and design for guided
projectile demonstration. This study provides a somewhat
general actuator characterization to cover a wider application
space. Specific applications dictate performance requirements
for more detailed actuator design.
This paper is organized as follows: maneuver concepts are
first outlined, followed by a discussion of actuator experiments
to include the setup, raw and manipulated data, experimental
uncertainty, theoretical modeling, parameter estimation algo-
rithm, and then the results are presented prior to summarizing
the paper with conclusions and future work.
2. Concepts
While the intent is to research a maneuver technology with
a wide applicability, a few general constraints may be
imposed. The application under investigation is a spin-
stabilized projectile. Spin rates are in the range of
50e300 Hz. For the purposes of preliminary design, a 40 mm
projectile was used.
Given this information, some concepts were formulated
around a central theme. The common element is a rotational
actuator. The idea is that small linear actuators may not be able
to move the aerodynamic surfaces at rates of 50e300 Hz with
high precision at low cost, but rotational actuators may. This is
because a linear (reciprocating) actuator would need to
constantly change direction, resulting in large accelerations
which in turn require large forces, thereby driving up the
actuator power. A rotational actuator would be operating at a
fairly constant rotation once it is up to speed, resulting in
much lower power requirements.Fig. 1 illustrates a concept using one or more wings fixed to
a rotational actuator. As the projectile spins, the actuator ro-
tates at the same rate in the opposite direction. Over one spin
cycle, the wing rotates from being stowed internally within the
projectile body to being fully exposed to the airstream to affect
lateral maneuver (as shown in Fig. 1) to again being stowed
within the projectile. When the wings are exposed to the
airflow, lift and drag forces are generated, which will cause the
projectile linear and angular motions to change. Shifting the
phase of the rotational actuator relative to the projectile spin
enables maneuvering in any direction.
The magnitude of the control force can be moderated in
several different ways. After adequate trajectory diversion is
achieved, the wings can be rotated at a frequency different than
the projectile roll rate so that no additional cumulative lateral net
force is generated. Alternatively, the relative phasing of the two
wings can be adjusted to reduce the net force. For example, if the
wings are 180-degrees out of phase, no net transverse force
would be generated since the wings would counterbalance each
other. Adjusting the out of phase angle to other amounts would
result in net force values between 0 and maximum. The system
could be allowed to always generate the maximal diversion
and then reverse the diversion direction if oversteer occurs.Fig. 2 depicts the manner in which a two-actuator variant of
this concept operates over a complete cycle of spin. The ma-
neuver concept is viewed from the base of the projectile at eight
snapshots (corresponding to a change in roll angle of 45)
throughout the spin cycle. Successive snapshots of the concept
throughout the spin cycle proceed in the counter-clockwise
manner around the figure. When viewed from the base the
projectile spins in the clockwise direction, the actuator as-
sembly rotates in the counter-clockwise direction. In this
manner, the wings attached to each actuator rotate in and out of
the projectile to provide a consistent maneuver direction.
Another concept with this rotational actuator theme is
presented in Fig. 3. Here, a single rotational actuator is
mounted to a projectile base assembly featuring a pair of
deflected fins which deploy after launch. The actuator rotates
the finned base opposite the projectile spin so that the
Fig. 2. Snapshots (viewed from the base in earth-fixed reference frame) over one revolution of rotating wing maneuver concept with two actuators.
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lateral maneuver. Again, phase shifting the finned base rota-
tion relative to the projectile rotation yields maneuvers in any
direction.
These maneuver concepts are on the rear of the projectile to
facilitate packaging within the mouth of the cartridge case to
reduce the handling and storage burden. The specific config-
uration of the maneuver system and aerodynamic surfaces to
achieve control authority requirements for these concepts de-
pends on the mission (e.g., launch and flight conditions, sys-
tem errors, etc.)Fig. 3. Rotating finned base maneuver concept.3. Actuator characterization
Experiments were conducted to characterize the actuation
technology for this class of maneuver concepts. Small, low
cost gun hard motors were obtained and assembled into theprototype maneuver systems. Theoretical actuator dynamics
were identified by collecting data on the input (motor) and
output (spin rate) of the system. Experimental parameters
included motor size, commanded spin rate, rotational direc-
tion, and inertial load. This analysis quantified the key per-
formance metrics such as response, friction, and power
requirements which can be used in maneuver concept refine-
ment for a particular application.3.1. Experimental setupAn apparatus was created for data collection. A market
survey yielded some viable motors (manufactured by Maxon).
An image of one of these brushless DC motors along with a
model of the rotating wing concept and a prototype 40 mm
projectile which was fired through the spark range [14] is
shown in Fig. 4. This motor product line goes down to 6 mm in
diameter with satisfactory cost, speed and torque specifica-
tions. Electrical (e.g., torque constant KT) and inertial
(moment of inertia Ix, diameter D) data for some of these
motors is given in Table 1. Shock table experiments also
indicated favorable survivability characteristics.
An experimental setup was created to operate these motors
unloaded and with various control mechanism (inertial and
aerodynamic) loadings at different speeds in the laboratory.
Fig. 5 provides a schematic of the setup. A speed controller
(E-flite 10-Amp Pro Brushless Electronic Speed Controller)
was used to drive the three motor commutator input lines. This
Table 1
Motor electrical and inertial data.
Part number Voltage/V KT/(Nm$A
1) Ix/(kg$m
2) D/m
250101 12 2.9  103 5  1010 0.006
283828 12 8.23  103 4.28  108 0.016
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a signal generator proportional to the desired spin rate and
uses the voltage generated by the spinning motor to infer the
spin rate (back electromotive force) for feedback control
purposes. The motor was equipped with 3 Hall effect sensors
for measuring response. A data acquisition board (National
Instruments USB-6259) run by LabView software was used to
collect the input PWM and motor signals and the output Hall
sensor data. An image of this setup on the bench in the lab-
oratory is shown in Fig. 6.Fig. 4. Image of motor with rotating wing concept and prototype 40 mm
projectile.
Fig. 5. Schematic of experimental setup.
Fig. 6. Experimental setup.3.2. Raw experimental dataCollection of actuation system input and output is neces-
sary to derive theoretical models and to estimate model pa-
rameters. An example of the raw input data scaled to about
10 V in the data acquisition from an experiment is provided in
Fig. 7. The leading and trailing edge times of the motor
driving signal were interrogated to within a half-sample time
resolution for determining the pulse width. The motor spin rate
was controlled using the pulse width of the input signal rather
than the amplitude of the input signal.
A sample of the output from one of the channels of Hall
sensor data is shown in Fig. 8. A cycle of low (0 V) and high
(5 V) signals represents one rotation. Interrogation of the Hall
pulse leading and trailing edges over one rotation permits
calculation of the spin rate. The sample data in Fig. 8 corre-
sponds to a spin rate of about 35.7 Hz.Fig. 7. Raw input signal.
Fig. 8. Raw output signal.
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merited, especially since only Hall sensor pulses (i.e., not a
high resolution encoder) are used. A simple equation is used to
relate the primary experimental measurement (time to com-
plete one rotation, Dt) to the spin rate ( _f) in Hz, we have
_f ¼ 1
Dt
ð1Þ
The relationship between the uncertainty in the spin rate
measurement (w _f) to the uncertainty in the primary mea-
surement (wDt) is given by the following equation
w _f ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
v _f
vDt
wDt
2s
¼ 1
Dt2
1
2fs
ð2Þ
This expression highlights the importance of a high data
sample rate ( fs). Uncertainty in spin rate on the order of
0.1 Hz may be expected at a 10 kHz sample rate for a 50 Hz
spin rate. A sample rate of 200 kHz was used in the experi-
ments (w _fw0:001 Hz).3.4. Conversion to engineering unitsThe motor driving signals were used to obtain the system
input data shown in Fig. 9. The pulse width for all three signals
to the motor and an average are provided. In this experiment,
the controller calls for higher demand when spinning the
control mechanism up followed by a lower control effort once
the assembly reaches a steady-state spin rate.
The Hall sensor output was manipulated to determine spin
rate. Additionally, an average spin rate was found by averaging
the spin rate and time of individual Hall sensors. An example
of these data is provided in Fig. 10. The spin rate of the
actuator reaches over 100 Hz within about 0.1 s. Fluctuation in
the steady-state spin rate may be due to controller performance
at this low load. One Hall sensor was not recorded during this
experiment.Fig. 9. Manipulated input signal.3.5. Data modelingInspection of the spin rate response in Fig. 10 suggests that
a simple model may capture the experimental data. A first
order system was used to model the data in preliminary ex-
periments. A lag, dictated by the time constant (~t), prescribes
the manner in which the spin rate adjusts to a commanded spin
rate ( _fc).
~t€fþ _f¼ _fc ð3Þ
Pulse width (P), rather than commanded spin rate, is the
driving input in experiments due to the manner in which the
experiments were conducted ( _fc ¼ fpP). These inputs relate
through a scaling ( fp).3.6. Physical modelingNewtonian kinetics is applied about the spin axis of the
maneuver system to derive the dynamic equation of motion
from first principles. The dynamics are driven by the total
axial moment of inertia, friction moment (friction coefficient
KF), and the driving moment (torque constant KT and average
current i) [15e17].
IX€f¼ KF _fþKTi ð4Þ
Inspection of the equivalent models in Equations (3) and
(4) permits relationships between model parameters to be
defined.
KF ¼ IX
~t
ð5Þ
i¼ fpPKF
KT
ð6Þ
The time constant in the data model does not adhere to the
classic definition of time constant. A more traditional time
constant may by derived from the model parameters ðt ¼
~tIX=KFÞ.
146 I. CELMINS et al. / Defence Technology 10 (2014) 141e1483.7. Parameter estimationFig. 11. Measured and calculated spin rates.Parameters in the physical models must be characterized
for actuator performance evaluation and for multi-disciplinary
modeling and simulation of other aspects (maneuver system
control, aeromechanics, flight control) of a man portable
precision munition. A variety of parameter estimation routines
may be formulated for the current problem. The maximum
likelihood method [18e22] was chosen based on the ease of
use and attractiveness for this application. In this scheme, a
likelihood function is defined.
L ¼ 1
ð2pÞ
NM
2
ﬃﬃﬃ
R
p exp

 1
2
eTR1e

ð7Þ
Here, the residual (e ¼ xM  xC) is the difference between
measurements and theoretical model calculations and the re-
sidual covariance (R ¼ E½eeT) for the current problem rep-
resents experimental uncertainty. The number of
measurements are NM. The goal of this parameter identifica-
tion algorithm is to find the model parameters which optimize
the likelihood function (and thereby minimize the difference
between measurements and model calculations).
If model noise is neglected then some simplifications to the
general maximum likelihood method can be made. The al-
gorithm starts by inputting estimates of the initial states, pa-
rameters, and measurement uncertainty. The model is
integrated with states (xC), controls (u), and parameters (q
j).
_xC ¼ f

xC;u;q
j
 ð8Þ
This method accommodates nonlinear models. For the
current problem the equation of motion in Equation (3) was
used as the model with xC ¼ _f, u ¼ P, and q ¼

~t fp
T
.
At times when the measurements are available, the New-
toneRaphson method is used to optimize the likelihood
function. Calculations are performed for the residual and Ja-
cobian (ðvxC=vqÞ).
vxC
vq
¼
2
666666664
vxC1
vq1
vxC2
vq2
/
vxC2
vq1
1 «
« /
vxCNM
vqNP
3
777777775
ð9Þ
The number of parameters is NP. The Jacobian may be
found analytically or numerically. Forward differencing was
used in the present problem.
Parameters are corrected through the following expression.
Dq¼
 XN
i¼1
vxC;i
vq
T
R1
vxC;i
vq
!1XN
i¼1
vxC;i
vq
T
R1ei ð10Þ
The number of measurement samples is N. The termPN
i¼1ðvxC;i=vqÞTR1ðvxC;i=vqÞ is often referred to as the in-
formation matrix and represents the content of useful data. The
parameter estimation problem is ill-conditioned when the
determinant of the information matrix is zero.Corrections are applied to update the parameter estimates.
qjþ1 ¼ qj þDq ð11Þ
The model is integrated again with the updated parameters.
_xC ¼ f

xC;u;q
jþ1 ð12Þ
The residual is re-calculated. This process is iterated at
each measurement update until some convergence criterion
(e.g., magnitude of residual below some threshold) is reached.
Once convergence is satisfied, the updated parameter estimates
are used to integrate the model forward in time until the cycle
repeats at the next measurement update. In this manner, the
calculated response and parameter estimates are obtained over
the entire measurement history.
4. Results and discussion
Actuator experiments were conducted over a variety of
conditions and multiple samples at a given condition to assess
full spectrum performance and perform statistical analysis.
Independent parameters were motors (6 mm, 16 mm), com-
manded spin rate (approximately 50 Hz, 100 Hz), rotation
(clockwise (CW), and counter-clockwise (CCW)) direction,
and inertial load (motor only, added inertial). Spin rate and
input pulse width data were collected for each experiment.
Next, the parameter estimation routine was used to match this
collected data with data model parameters (time constant,
input scaling). The collected data and data model parameters,
along with the derivation of the physical model [Eqs. (4)e(6)],
enabled the physical model parameters (e.g., friction, average
current) to be determined. This section of the paper shows a
typical example of this analysis process along with a table
summarizing the results for all experiments.
An example of the measured spin rate and spin rate
calculated from the parameter estimation algorithm is pro-
vided in Fig. 11. The model matches the ramp-up and steady-
state portions of the experimental data. Errors in spin rate were
usually less than 1 Hz across experimental results. Agreement
Table 3
Summary statistics of maneuver system parameters.
Motor part
number
Ix/
(kg$m2)
N ~t/s KF/((Nm$rad
1) $s1) t/s
250101 5.00E-10 8 m 0.117119 4.275110E-09 0.0137354
s 0.004584 1.741363E-10 0.0010530
283828 4.28E-08 8 m 0.210100 2.037154E-07 0.0441424
s 0.000787 7.661270E-10 0.0003304
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data driving the models.
The resulting parameter estimates and input data can be
used to determine the current sent to the motor. Fig. 12 shows
that the current is higher when the actuator spins upward from
rest before leveling off as the spin rate holds constant. All
results indicate the power requirements are modest.Fig. 12. Current history.Parameter estimates across the different experimental
conditions are provided in Table 2. All parameters are
consistent for a given condition over multiple trials. The input
scaling and average current varied with commanded spin rate
and motor size as expected. The direction of rotation also
changed the input scaling and average current mainly for the
6 mm diameter motor at low commanded spin rate. When an
additional inertia load was added to the motor assembly, its
performance degraded. For this reason, a few results with
higher uncertainty are presented in Table 2 for this situation.Table 2
Individual Experiment maneuver system parameters.
Motor part number Ix/ (kg$m
2) _fc= Hz Dirn ~t /s f
250101 5.00E-10 50 CW 0.117799
250101 5.00E-10 50 CW 0.119679
250101 5.00E-10 50 CCW 0.119538
250101 5.00E-10 50 CCW 0.120280
250101 5.00E-10 100 CW 0.120413 1
250101 5.00E-10 100 CW 0.119639 1
250101 5.00E-10 100 CCW 0.109699 2
250101 5.00E-10 100 CCW 0.109909 2
250101 7.95E-08 100 CW 1.1001783
250101 7.95E-08 100 CW 1.100049
283828 4.28E-08 50 CW 0.210376
283828 4.28E-08 50 CW 0.210347
283828 4.28E-08 50 CCW 0.209893
283828 4.28E-08 50 CCW 0.210176
283828 4.28E-08 100 CW 0.211267 1
283828 4.28E-08 100 CW 0.210160 1
283828 4.28E-08 100 CCW 0.208431 1
283828 4.28E-08 100 CCW 0.210147 1Friction coefficient and time constant only varied according
to the physical configuration. For this reason, the statistics
were calculated and are given in Table 3. Inspection of these
data demonstrates that the friction and time constants increase
with motor size. The standard deviations of all parameters are
within 10% of the mean.
The estimates of friction coefficient are useful for predict-
ing and manipulating the dynamic response of the maneuver
system. The average current permits battery sizing. The input
scaling allows precise spin rate setting for future experiments.
Finally, the time constant provides a metric for the system
response time. The average current, input scaling, and time
constant are specific to the commercial speed controller used
in the experiments.
This study provides general actuator performance in-
dicators for a class of maneuver concepts. Overall, the results
indicate that the battery requirements and the friction and spin
rate characteristics of this actuation scheme are satisfactory for
low loadings.
The practical inertial (and potentially aerodynamic)
loading, however, may demand an improved controller or
motor with higher torque. Maneuver concept refinement for a
particular application dictates the detailed actuator design.
5. Conclusions and future work
This paper outlined the actuator characterization of ma-
neuver concepts for man-portable precision munitions.p/(rad$s
1) $s1) KF/((Nm$rad
1) $s1) t/s i/mA
59782.2 4.244523E-09 0.0138766 0.52077570
62197.4 4.177852E-09 0.0143230 0.52735538
44430.4 4.182768E-09 0.0142893 0.45127208
38149.5 4.156962E-09 0.0144673 0.41336654
35331.9 4.152359E-09 0.0144994 0.94948280
33474.5 4.179256E-09 0.0143134 0.95239048
07084.4 4.557932E-09 0.0120338 1.06930253
03795.0 4.549225E-09 0.0120799 1.06246883
40312.1 7.226102E-08 1.2103922 9.4959481
20095.7 7.226950E-08 1.2101079 5.4555720
50336.7 2.034450E-07 0.0442582 0.00856922
51158.7 2.034733E-07 0.0442459 0.00841666
55077.7 2.039136E-07 0.0440550 0.00869805
54995.4 2.036385E-07 0.0441741 0.00868476
85285.5 2.025871E-07 0.0446338 0.01664861
86536.6 2.036542E-07 0.0441673 0.01612379
87904.2 2.053441E-07 0.0434433 0.01649680
88598.3 2.036670E-07 0.0441618 0.01636425
148 I. CELMINS et al. / Defence Technology 10 (2014) 141e148Multiple concepts, based on a common theme of aerodynamic
control with a rotational actuator, were formulated. The spe-
cific details regarding practical implementation of these con-
cepts for a particular mission must consider additional factors
such as the control authority needed to deliver the lethal
payload.
Experiments were conducted to assess actuator perfor-
mance. This paper provided the experimental setup along with
the raw and manipulated data. Experimental uncertainty was
considered. The data and physics-based models of the actua-
tion system were composed. A parameter estimation algorithm
was introduced. Satisfactory matches between the experi-
mental data and theory provided some verification of the
actuator models as well as numeric values for the parameters.
These models and data are essential to achieve the actuation
performance goals and multi-disciplinary simulation of the
man portable precision munition.
The electro-mechanical design and analysis of actuator
technologies in this paper suggest feasibility with regard to
cost, size, bandwidth, response and power (even with a com-
mercial controller). Overall, the preliminary results indicated
the favorable characteristics of these maneuver concepts;
however, further investigations must be performed. The dy-
namic behavior of the maneuver concept within a spinning
body and under realistic aerodynamic loadings (e.g., in a wind
tunnel) must be examined. The rotating wing and finned base
concepts also need further refinement of electro-mechanical
and control design. A careful survivability assessment must
be made. The final task to enabling the maneuver of a man-
portable precision munition is free-flight experimentation.
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